Background: Thioredoxin is a physiological inhibitor of ASK1. Results: The catalytic motif of thioredoxin is essential for its binding to ASK1 and the interaction does not involve intermolecular disulfide bonds. Conclusion: Thioredoxin-binding domain of ASK1 is a rigid domain that interacts with reduced thioredoxin through a large binding interface. Significance: Structural basis of the interaction between ASK1 and reduced thioredoxin.
Apoptosis signal-regulating kinase 1 (ASK1), a mitogen-activated protein kinase kinase kinase, plays a key role in the pathogenesis of multiple diseases. Its activity is regulated by thioredoxin (TRX1) but the precise mechanism of this regulation is unclear due to the lack of structural data. Here, we performed biophysical and structural characterization of the TRX1-binding domain of ASK1 (ASK1-TBD) and its complex with reduced TRX1. ASK1-TBD is a monomeric and rigid domain that forms a stable complex with reduced TRX1 with 1:1 molar stoichiometry. The binding interaction does not involve the formation of intermolecular disulfide bonds. Residues from the catalytic WCGPC motif of TRX1 are essential for complex stability with Trp 31 being directly involved in the binding interaction as suggested by time-resolved fluorescence. Small-angle x-ray scattering data reveal a compact and slightly asymmetric shape of ASK1-TBD and suggest reduced TRX1 interacts with this domain through the large binding interface without inducing any dramatic conformational change.
Apoptosis signal-regulating kinase 1 (ASK1) 3 (MAP3K5), a member of the mitogen-activated protein kinase kinase kinase family, activates c-Jun N-terminal kinase and p38 MAP kinase signaling pathways in response to various stress stimuli, including oxidative stress, endoplasmic reticulum stress, and calcium ion influx (1) (2) (3) . ASK1 plays a key role in the pathogenesis of multiple diseases including cancer, neurodegeneration, and cardiovascular diseases and is considered a promising therapeutic target (reviewed by Ref. 4) . Human ASK1 consists of 1,374 amino acids with the serine/threonine kinase domain located in the middle of the molecule flanked by two coiled-coil (CC) motifs, which are important for homo-oligomerization of ASK1 (5, 6) . ASK1 under non-stress conditions forms a homooligomer by direct interaction through the C-terminal CC domain and interacts with several other proteins including thioredoxin-1 (TRX1) and the 14-3-3 protein, thus forming a high molecular mass complex called ASK1 signalosome (1, 7, 8) . Both TRX1 and the 14-3-3 protein are physiological inhibitors of ASK1. In response to oxidative stress they dissociate from ASK1, this allows the homo-oligomerization and recruitment of tumor necrosis factor receptor-associated factors 2 and 6 to the N-terminal region of ASK1 and accelerates the autophosphorylation of Thr 838 within the activation loop resulting in ASK1 activation (1, 9, 10) .
Thioredoxins (TRXs) are small dithiol oxidoreductases ubiquitously present in species ranging from archaea to mammals. TRXs perform various biological functions including the reduction of protein disulfide bonds in the reducing cellular compartments, the supply of reducing equivalents to redox enzymes, and the regulation of several transcription factors and proteins through either a direct reduction of their cysteine groups or different mechanisms (reviewed by Ref. 11) . TRXs are involved in the regulation of NF-B (12) , the Escherichia coli T7 polymerase complex (13) , or Jab-1 (14) . The TRX molecule consists of a five-stranded ␤-pleated sheet that forms a hydrophobic core surrounded by four ␣-helices. The highly conserved redox catalytic motif 31 WCGPC 35 links the second ␤-strand to the second ␣-helix and the two cysteine residues within this sequence (Cys 32 and Cys 35 in human TRX1) are responsible for TRX-dependent redox activity (15) .
TRX1 interacts with the ASK1 region located between residues 46 and 277 and this interaction is thought to inhibit the activation of ASK1 through blocking its homo-oligomerization via an adjacent N-terminal CC motif (1, 9) . The Cys 250 residue, located within this region of ASK1, is crucial for the oxidative stress-dependent signaling downstream of ASK1 and likely involved in TRX1 binding (16, 17) . However, the precise mechanism of TRX1 binding to ASK1, as well as its dissociation, is still unclear due to the lack of structural data on the TRXbinding domain of ASK1 (ASK1-TBD). Several studies suggested that under oxidative stress conditions TRX1 is oxidized on Cys 32 and Cys 35 within the redox catalytic motif and the formation of an intramolecular disulfide bond between these two cysteine residues causes the dissociation of TRX1 from ASK1 through an unknown mechanism, thus allowing the activation of ASK1 (1, 9, 18) . It is, however, unclear whether the interaction between TRX1 and ASK1 is based on the non-covalent interactions only or if it also involves the formation of intermolecular disulfide bond(s). The latter possibility was suggested by Nadeau et al. (17, 19) who proposed another mechanism for ASK1 activation. The authors suggest the oxidative stress induces the formation of intermolecular disulfide bonds between ASK1 molecules and this oxidation is required for the activation of ASK1 kinase function. In their model, the interaction between TRX1 and ASK1 involves a formation of intermolecular disulfide bond(s) and the TRX1-dependent inhibition of ASK1 is mediated by its thiol reductase activity because only the oxidized and disulfide bond-containing oligomeric form of ASK1 enables activation.
To better understand the interaction between TRX1 and ASK1, we prepared and performed detailed biophysical and structural characterization of the isolated ASK1-TBD (sequence 88 -302) and its complex with reduced TRX1. The results show that ASK1-TBD is a monomeric and rigid domain that forms a stable complex with reduced TRX1 with 1:1 molar stoichiometry. The binding interaction does not involve the formation of intermolecular disulfide bonds. Residues Cys 32 and Cys 35 as well as Trp 31 from the catalytic WCGPC motif of TRX1 are essential for complex stability with Trp 31 being directly involved in binding interaction as suggested by time-resolved tryptophan fluorescence. SAXS data revealed a compact and slightly asymmetric shape of ASK1-TBD and suggest reduced TRX1 interacts with this domain through the large binding interface without inducing any dramatic conformational change. Molecular modeling indicated the TRX1 binding site is located close to the N-terminal end of a ϳ50 residue long ␣-helix, which forms the C terminus of ASK1-TBD. Our results also show the ASK1 residue Cys 250 is likely located either at or in close vicinity of TRX1-binding surface.
EXPERIMENTAL PROCEDURES
Expression and Purification of TRX-binding Domain of ASK1-DNA encoding four different N-terminal fragments of human ASK1 (residues 46 -302, 88 -302, 46 -322, and 88 -322) were ligated into pST39 (20) using the XbaI and BamHI sites and pRSFDuet-1 (Novagen) using BamHI and PstI sites. Modified pRSFDuet-1 containing the sequence of the His 6 -tagged GB1 domain of protein G inserted into the first multiple cloning site was a gift of Evzen Boura (Institute of Organic Chemistry and Biochemistry AS CR, Prague, Czech Republic). ASK1-(88 -302) (in pST39) was expressed as a C-terminal His 6 tag fusion protein by leakage expression at 30°C for 20 h and purified from E. coli BL21 (DE3) cells using chelating Sepharose Fast Flow (GE Healthcare Life Sciences) according to standard protocols. Eluted ASK1-TBD was dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 5 mM DTT, 10% (w/v) glycerol and purified using size-exclusion chromatography on a HiLoad 26/60 Superdex 75 column (GE Healthcare Life Sciences). All mutants were generated by using the QuikChange site-directed mutagenesis kit (Stratagene) and mutations were confirmed by sequencing.
Expression and Purification of TRX1-The expression construct for human TRX1 (C73S mutant) was a gift of Katja Becker (Justus-Liebig-Universität, Giessen, Germany). TRX1 was expressed as an N-terminal His 6 tag fusion protein by isopropyl 1-thio-␤-D-galactopyranoside induction for 20 h at 30°C and purified from E. coli BL21 (DE3) cells using chelating Sepharose Fast Flow (GE Healthcare Life Sciences) according to standard protocols. Eluted TRX1 was dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, 1 mM EDTA, 5 mM DTT, 10% (w/v) glycerol and purified using sizeexclusion chromatography on Superdex 75 10/300 GL column (GE Healthcare Life Sciences). All mutants were generated by using the QuikChange site-directed mutagenesis kit (Stratagene), and mutations were confirmed by sequencing.
Preparation of Oxidized TRX1-TRX1 (140 M in buffer containing 20 mM Tris-HCl (pH 7.5) and 200 mM NaCl) was incubated with 100-fold molar excess of H 2 O 2 in a total volume of 500 l for 15 min at 37°C (21) . Oxidation reaction was stopped by adding 2 units of catalase (Sigma).
Time-resolved Fluorescence Measurements-Fluorescence intensity and anisotropy decays were measured on a time-correlated single photon counting apparatus, as described previously (22) . Tryptophan emission was excited at 298 nm by a tripled output of the Ti:Sapphire laser. Tryptophan fluorescence was isolated at 355 nm by a combination of monochromator and a stack of UG1 and BG40 glass filters (Thorlabs) placed in front of the input slit. Fluorescence decays were typically accumulated in 1024 channels with a time resolution of 50 ps/channel until 10 5 counts in the decay maximum were reached. Samples were placed in a thermostatic holder, and all experiments were performed at 23°C in a buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 5 mM DTT. The TRX1 concentration was 10 M; the ASK1-TBD concentration was 30 M (or 10 M in experiments with Trp-containing mutants of ASK1-TBD). Fluorescence decays were assumed to be multiexponential according to the formula,
where i and ␣ i are the fluorescence lifetime components and the corresponding amplitudes, respectively. Emission decays I(t) were analyzed by a maximum entropy method (23) . The program yields a set of amplitudes, ␣ i , representing the lifetime distribution. Typically, we have chosen 100 lifetimes equidistantly spaced in a logarithmic scale, ranging from 20 ps to 20 ns. The mean emission lifetime was calculated as,
where f i are the fractional intensities of corresponding lifetime components. Fluorescence anisotropy r(t) was obtained by a simultaneous reconvolution of parallel I ʈ (t) and perpendicular I Ќ (t) polarized components. The anisotropies r(t) were analyzed for a series of exponentials by a model-independent maximum entropy method without setting assumptions about the shape of the correlation time distributions (23) ,
where amplitudes ␤ i represent the distribution of the correlation times i . They are related to the initial anisotropy r 0 by the following formula.
Typically we used 100 correlation times equidistantly spaced in the logarithmic scale from 100 ps to 200 ns.
Analytical Ultracentrifugation (AUC)-Sedimentation velocity (SV) experiments were performed using a ProteomLab TM XL-I analytical ultracentrifuge (Beckman Coulter). Samples were dialyzed against buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol before analysis. Experiments with oxidized TRX1 were performed in buffer containing 20 mM Tris-HCl (pH 7.5), and 200 mM NaCl. The buffer density, viscosity, and partial specific volume of all proteins were estimated using the program SEDNTERP. SV experiments of ASK1-TBD and TRX1 were conducted at various loading concentrations and molar ratios in charcoal-filled Epon centerpieces with 12-mm optical path length, 20°C, and 48,000 rpm rotor speed (An-50 Ti rotor, Beckman Coulter). All sedimentation profiles were recorded with interference optics. The diffusion-deconvoluted sedimentation coefficient distributions c(s) were calculated from raw interference data using the software package SEDFIT. For experiments with mixtures of TRX1 and ASK1-TBD at various molar ratios, this procedure was followed by the integration of calculated distributions to determine the overall weight-averaged s-values (s w ). Constructed s w isotherms were fitted with A ϩ B º AB model as implemented in the software package SEDPHAT with known s w values of individual components as prior knowledge. Resulting parameters were verified and loading concentrations were corrected using global Lamm equation modeling also implemented in SEDPHAT software (24, 25) .
Small Angle X-ray Scattering-SAXS data were collected on the European Molecular Biology Laboratory (EMBL) P12 beamline on the storage ring PETRA III (Deutsches Elektronen Synchrotron (DESY), Hamburg, Germany). The ASK1-TBD, TRX1, and ASK1-TBD⅐TRX1 complex were measured in concentration ranges of 1.2-4.6, 1.4 -12, and 1.5-11.9 mg ml Ϫ1 , respectively. The data were averaged after normalization to the intensity of the transmitted beam, and the scattering of buffer was subtracted using PRIMUS (26) . The forward scattering I(0) and the radius of gyration R g were evaluated using the Guinier approximation (27) . These parameters were also computed from the entire scattering pattern using the program GNOM (28) , which provides the distance distribution functions P(r) and the maximum particle dimensions D max . The solute apparent molecular mass (MM exp ) was estimated by comparison of the forward scattering with that from reference solutions of bovine serum albumin (molecular mass 66 kDa). Ab initio molecular envelopes were computed by the program DAMMIN (29) , which represents the protein by an assembly of densely packed beads. Multiple iterations of DAMMIN were averaged using the program DAMAVER (30) . The averaged envelopes were then used as final SAXS structures.
Circular Dichroism Measurements-The far-UV CD spectra were measured in a quartz cuvette with an optical path length of 1 mm (Starna, USA) using a J-810 spectropolarimeter (Jasco, Japan). The conditions of the measurements were as follows: a spectral region of 200 -260 nm, a scanning speed of 10 nm min Ϫ1 , a response time of 8 s, a resolution of 1 nm, a bandwidth of 1 nm, and a sensitivity of 100 mdeg. The final spectrum was obtained as an average of 5 accumulations. The spectra were corrected for a baseline by subtracting the spectra of the corresponding polypeptide-free solution. The CD measurements were conducted at 22°C in buffer containing 20 mM Tris-HCl (pH 7.5), 200 mM NaCl, and 2 mM 2-mercaptoethanol. The ASK1-TBD and TRX1 concentrations were 8 M. After baseline correction, the final spectra were expressed as a mean residue ellipticities Q MRW (deg cm 2 dmol Ϫ1 res Ϫ1 ) and calculated using the equation,
where obs is the observed ellipticity in mdeg, c is the protein concentration in mg ml Ϫ1 , l is the path length in cm, M w is the protein molecular weight, and N R is the number of amino acids in the protein (31) . The near-UV CD spectra were measured in a quartz cuvette with an optical path length of 1 cm (Starna, USA) in a spectral region of 250 -320 nm. The final spectrum was obtained as an average of 15 accumulations. The ASK1-TBD and TRX1 concentrations were 26 M. Protein Structure Modeling-Because ASK1 sequence 88 -302 does not show any homology to known structures, its structural models were created by ab initio modeling using I-TASSER (32), Phyre2 (33) , and Robetta (34) servers. The agreement between the calculated scattering curves of theoretical models and the experimental SAXS data were evaluated using CRYSOL (35) .
RESULTS

Preparation of ASK1-TBD and Its Complex with TRX1-It
has previously been shown ASK1-TBD is located between residues 46 and 277 within the N-terminal part of ASK1 (1, 9) . We expressed several constructs of human ASK1 consisting of residues 46 -302, 88 -302, 46 -322, and 88 -322 with either the C-terminal His 6 tag or the N-terminal His 6 -GB1 tag and tested their solubility and stability. Only the construct consisting of the C terminally His-tagged ASK1 sequence 88 -302 exhibited sufficient expression yield, solubility, and stability, and thus was used for further studies. To avoid TRX1 homo-dimerization due to the intermolecular disulfide bond formation by the nonactive site Cys 73 residue under high protein concentrations, we decided to use the mutant C73S of human TRX1 (denoted in this work as TRX1), rather than the wild-type protein, throughout this work. This mutation has no effect on the activity or the structure of human TRX1 (36, 37) .
Biophysical Characterization of the Interaction between ASK1-TBD and Reduced TRX1-The AUC was used for the biophysical characterization of prepared ASK1-TBD and its interaction with TRX1 under reducing conditions. The normalized continuous sedimentation coefficient distributions c(s) from the SV AUC experiments revealed the reduced TRX1 and ASK1-TBD form a complex with a weight-averaged sedimentation coefficient (corrected to 20.0°C and the density of water), s w (20,w) , of 3.0 S, whereas TRX1 and ASK1-TBD alone show single peaks with s w (20,w) values of 1.6 and 2.4 S, respectively (Fig. 1) . The observed values of s w (20,w) for TRX1 and ASK1-TBD correspond to molecular masses of ϳ12 and ϳ25 kDa, respectively, suggesting both proteins are monomers in solution (theoretical molecular mass of TRX1 and ASK1-TBD are 12.99 and 25.57 kDa, respectively). In addition, the observed value of s w(20,w) of 3.0 S for the ASK1-TBD⅐TRX1 complex corresponds to molecular mass of ϳ33 kDa, suggesting the 1:1 molar stoichiometry of the complex (theoretical molecular mass ϭ 38.6 kDa). To obtain the apparent equilibrium dissociation constant (K D ) of the ASK1-TBD⅐TRX1 complex, a range of concentrations and different molar ratios of ASK1-TBD and reduced TRX1 were examined using SV AUC ( Fig. 2A ). Analysis of the isotherm of weight-averaged s values (s w isotherm) as a function of TRX1 concentration revealed the best-fit K D of 0.3 Ϯ 0.1 M using a 1:1 Langmuir binding model. This confirms the ASK1-TBD and TRX1 form a complex with a 1:1 molar stoichiometry. Because all SV AUC experiments were performed in the presence of the reducing agent 2-mercaptoethanol and obtained SV AUC data can be adequately fitted using the reversible Langmuir-type kinetic model (A ϩ B º AB), it is reasonable to assume the interaction between ASK1-TBD and TRX1 under reducing conditions does not involve the formation of intermolecular disulfide bonds. No significant amount of the mixed disulfide ASK1-TBD⅐TRX1 complex was observed even upon the 36-h long incubation of an equimolar mixture of ASK1-TBD and TRX1 in the absence of the reducing agents ( Fig. 3 ), further corroborating that intermolecular disulfide bonds are not involved in complex formation.
Oxidized TRX1 Binds ASK1-TBD with Significantly Lower Binding Affinity Compared with Reduced TRX1-Several studies have shown the oxidation of TRX1 disrupts its binding to ASK1 (1, 9, 18) . Therefore, we next examined the interaction between oxidized TRX1 and ASK1-TBD using SV AUC. Oxidized TRX1 was prepared by incubation with 100-fold molar excess of H 2 O 2 for 15 min at 37°C. Such oxidation was previously shown to produce well defined TRX1 containing twodisulfide bridges (Cys 32 -Cys 35 , Cys 62 -Cys 69 ) (21) . The s w isotherm was determined over a range of loading concentrations of oxidized TRX1 and ASK1-TBD (Fig. 2B ). The analysis of obtained data revealed oxidized TRX1 exhibits a significantly lower binding affinity for ASK1-TBD compared with reduced TRX1 with the best-fit K D of 6 Ϯ 2 M using a 1:1 Langmuir binding model, confirming the oxidation of TRX1 disrupts its interaction with ASK1.
Structural Integrity of the Catalytic WCGPC Motif of TRX1 Is Essential for the Binding to ASK1-TBD-The redox-inactive mutant TRX1-CS where both Cys residues (Cys 32 and Cys 35 ) from the catalytic 31 WCGPC 35 motif were replaced by Ser does not bind to ASK1 (1, 9, 18) . To test whether this is also true for the interaction with the isolated ASK1-TBD, SV AUC experiments were conducted and the s w isotherm was determined over a range of loading concentrations of TRX1-CS and ASK1-TBD (Fig. 2C) . These data revealed negligible binding affinity (K D was estimated to be of ϳ900 Ϯ 200 M) for the TRX1-CS mutant, in agreement with previous reports. In addition, the catalytic 31 WCGPC 35 motif of human TRX1 contains a conserved Trp 31 , which is located in close proximity to the catalytic Cys residues and undergoes a conformational change upon oxidation of Cys 32 and Cys 35 or their mutation to Ser (37, 38) . Both oxidized TRX1 and the TRX1-CS mutant exhibit significantly reduced binding to ASK1 (1, 9, 18 ), suggesting possible involvement of Trp 31 in this interaction. To check the importance of this residue, TRX1 mutant W31F was prepared and its binding to ASK1-TBD was investigated using SV AUC (Fig. 2D) . Indeed, the obtained SV data revealed significantly lower binding affinity of the W31F mutant to ASK1-TBD (K D of 30 Ϯ 5 M), confirming the importance of this residue for ASK1-TBD⅐TRX1 complex stability.
Trp 31 of TRX1 Is Directly Involved in the Interaction with ASK1-TBD-Because Trp 31 is the only tryptophan residue in human TRX1 and ASK1-TBD does not contain any tryptophan residue, the time-resolved tryptophan fluorescence intensity and anisotropy decay measurements were used to further study the involvement of Trp 31 in TRX1 binding to ASK1-TBD. Both time-resolved fluorescence intensity and anisotropy decays were analyzed using a singular-value decomposition maximum entropy method as previously described (23) . Complex formation significantly increased the mean excited state lifetime ( mean ) of Trp 31 from 1.62 to 3.34 ns (Table 1 ). This could reflect the ASK1-induced conformational change in TRX1, which affects interaction of Trp 31 with its surroundings. The observed increase in mean could also reflect a direct interaction of ASK1-TBD with this residue, reducing its contacts with the polar environment or altering quenching interactions in its vicinity.
Measurements of the emission anisotropies revealed significantly different mobility of TRX1 Trp 31 in the presence and absence of ASK1-TBD as documented by the raw data presented in Fig. 4A . Visual inspection of early depolarization phases in Fig. 4A clearly reveals fluorescence of Trp 31 depolarizes significantly faster in the absence than in the presence of ASK1-TBD. The depolarization rate can be directly related to the rotational freedom of the Trp 31 residue. The slower depolarization means slower and/or more restricted local and segmental motion of the fluorophore (39) . From this point of view, the binding of ASK1-TBD reduces segmental flexibility of the catalytic motif where Trp 31 is located. This observation correlates with the decrease in mean (Table 1) , which could indicate the motional restriction of the catalytic motif results in lower accessibility of Trp 31 to polar environment and/or suppressed quenching interactions in its vicinity. Rigorous data analysis is in full agreement with the visual observation. TRX1 alone revealed two classes of short correlation times, one very short unresolved ( 1 Ͻ 100 ps) and the second, 2 , close to 1.7 ns (Table 1, Fig. 4B ). In addition, the third correlation time long ϭ 10 ns was also present in the data. The recovered long can be assigned to the overall rotational motion of TRX1, and its value is close to what would be expected for a globular protein with a molecular mass about 13 kDa (39) . Complex formation resulted in a disappearance of the fastest decay component with the correlation time 1 belonging to the fastest Trp 31 motion. At the same time, the correlation time corresponding to the segmental motion increased from 1.7 to 3.3 ns ( 2 3 3 , Table 1 and Fig. 4B ). Complex formation also slightly decreased the sum of amplitudes of the fast anisotropy decay components ␤ short (␤ short ϭ ␤ 1 ϩ ␤ 2 ϩ ␤ 3 ) indicating angular restriction of the motion. Altogether, these changes can be interpreted as a significantly reduced segmental flexibility of the catalytic motif, where Trp 31 is located, upon the TRX1 binding to ASK1-TBD. In addition, the observed increase in the longest correlation time long from 10 to 30 ns likely reflects the higher molecular mass of the complex compared with TRX1 alone and its value corresponds with the expected molecular mass of the complex (38.6 kDa). These results suggest Trp 31 from the catalytic motif of TRX1 could be directly involved in its interaction with ASK1-TBD.
ASK1-TBD Is a Rigid Domain That Does Not Change Its Structure Upon the Binding of TRX1-To investigate the structural flexibility of ASK1-TBD, the time-resolved tryptophan fluorescence intensity and anisotropy decay measurements of single tryptophan residues inserted at four different positions within the ASK1-TBD (Trp 132 , Trp 175 , Trp 242 , and Trp 272 ) were performed. The sequence of ASK1-TBD does not contain any tryptophan residue; phenylalanines located at these positions were replaced by tryptophans. Results of these measure- ments are listed in Table 2 . It can be noticed that all four mutants showed relatively long mean ranging from 4.22 to 5. 35 ns, indicating that all four Trp residues are likely buried and inaccessible to the polar environment (40) . The analysis of fluorescence anisotropy decays revealed bimodal correlation time distributions (Table 2) with small amplitudes of the fast rotational and segmental motion of the fluorophore (␤ 1 ), suggesting regions around all four Trp residues, especially Trp inserted at position 242, are rigid. These data suggest that ASK1-TBD is a compact and rigid domain.
Next, CD spectroscopy was used to check whether the binding of TRX1 affects the overall structure of ASK1-TBD. The deconvolution of CD spectra using the K2D method (41) indicated that ASK1-TBD contains ϳ35% of ␣, ϳ20% of ␤, and ϳ45% of random structure. This estimation is in agreement with the theoretical prediction using PSIPRED (35% ␣, 15% ␤, and 50% random structure) (42) . The far-UV CD spectrum of the ASK1-TBD⅐TRX1 complex (with 1:1 molar stoichiometry) showed no significant difference when compared with the sum of the individual CD spectra of ASK1-TBD and TRX1 (Fig. 5A ), suggesting no significant changes in overall secondary structure upon complex formation. The comparison of near-UV CD spectra that give us the information about the tertiary structure reveal significant differences only in the region from 275 to 295 nm (Fig. 5B ). Because the CD signal in this region arises from the environments of Tyr and Trp residues (43) , it is likely that the observed differences mainly reflect the structural change in the vicinity of TRX1 Trp 31 upon complex formation as has also been suggested by time-resolved tryptophan fluorescence experiments ( Table 1 and Fig. 4) .
Low-resolution Structure of ASK1-TBD and Its Complex with TRX1 Obtained from SAXS Measurements-SAXS was used to obtain the visual insight into the structure of ASK1-TBD and its complex with TRX1. The experimental SAXS curves from the ASK1-TBD⅐TRX1 complex and ASK1-TBD alone are shown in Fig. 6A . The absence of aggregation in both samples was confirmed by the inspection of the SAXS data and the linearity of the Guinier region (inset in Fig. 6A ). The apparent molecular masses of ASK1-TBD and the ASK1-TBD⅐TRX1 complex were estimated by comparison of the forward scattering intensity I(0) with that from reference solutions of bovine serum albumin ( Table 3 ). The estimated mass of 37 kDa for the ASK1-TBD⅐TRX1 complex corresponds well to a 1:1 stoichiometry (theoretical molecular mass ϭ 38.6 kDa) in agreement with the results from SV AUC. Values of the R g calculated both from the slope of the Guinier plot and from the distance distribution (P(r)) function suggest the complex is more asymmetric compared with ASK1-TBD alone ( Table 3 ). This was further confirmed by the P(r) function, which revealed maximum dimensions (D max ) of ASK1-TBD alone and the ASK1-TBD⅐TRX1 complex to be 82 and 99 Å, respectively (Fig. 6B) . These D max values corroborate a more extended and asymmetric shape of the complex compared with ASK1-TBD alone.
To obtain the information about the shape of these molecules, the ab initio envelopes were calculated from the scattering data using the program DAMMIN (Fig. 6, C and D) . The reconstructed envelopes consist of an average of at least 10 individual reconstructions and the individual envelopes agreed well with each other, as determined using normalized spatial discrepancy. Normalized spatial discrepancy is a measure of the degree each of the selected envelopes differs from one another. AUGUST 29, 2014 • VOLUME 289 • NUMBER 35
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Values Ͻ1 are considered to indicate no systematic differences. Normalized spatial discrepancy values of 0.58 and 0.49 were obtained for envelopes of ASK1-TBD and the ASK1-TBD⅐TRX1 complex, respectively. The envelope for ASK1-TBD alone (Fig.  6C) shows this domain adopts a compact and slightly asymmetric conformation with one side being narrower than the other. The envelope of the complex (Fig. 6D) is similar and shows a more extended thicker part of the molecule, suggesting that TRX1 interacts with this thicker end of the ASK1-TBD molecule. The size (ϳ20 ϫ ϳ35 ϫ ϳ30 Å) and the shape of this additional area (shown in red in Fig. 6D ) correspond well with the size and the shape of the TRX1 molecule. The comparison of both envelopes also suggests the interaction between TRX1 and ASK1-TBD is mediated through the large binding interface, rather than one or few contacts. In good agreement with results of CD measurements, the high similarity of obtained envelopes also indicates that TRX1 binding does not induce any dramatic structural change within ASK1-TBD, although we cannot rule out the possibility of a local conformational change that is beyond the resolution of this method.
Structural Modeling of the ASK1-TBD⅐TRX1 Complex-To further refine the structural details of ASK1-TBD and its complex with TRX1, a structural model of ASK1-TBD was generated. Because the sequence 88 -302 of ASK1 lacks homology to any known structures, its models were created by ab initio modeling using I-TASSER, Phyre2, and Robetta servers (32) (33) (34) . However, only one of the models calculated by the Robetta server showed reasonable agreement not only with the SAXSbased envelope (Figs. 7, A and B , the back-calculated scattering curve based on this model fits the SAXS data with 2 values of 0.91) but also with the secondary structure prediction and the results of time-resolved fluorescence measurements that suggested all Trp residues that replaced Phe residues at four different positions within ASK1-TBD are likely buried and located in relatively rigid areas ( Table 2 ). The superposition of this model with the SAXS-based envelope is shown in Fig. 7A . The model indicates that the C-terminal part of ASK1-TBD contains a ϳ50 residue long ␣-helix that protrudes from the more spherical N-terminal part with the 3-layer ␣/␤ sandwich architecture. The comparison of SAXS-based envelopes suggests TRX1 interacts with the N-terminal bulkier part of ASK1-TBD. Fig.  7C shows a superposition of the SAXS envelope of the ASK1-TBD⅐TRX1 complex with its model, which was created by inserting a crystal structure of TRX1 (37) into the empty part of the complex envelope. The shape and size of the SAXS-based envelope allowed for the TRX1 molecule to be oriented by its catalytic WCGPC motif (Fig. 7C, shown in yellow) toward to ASK1-TBD consistent with the tryptophan fluorescence data, which suggested the involvement of Trp 31 in binding to ASK1-FIGURE 6. Structural characterization of ASK1-TBD and its complex with reduced TRX1 by SAXS. A, scattering intensity as a function of the scattering vector s (s ϭ 4 sin()/, where 2 is the scattering angle and is the wavelength). Inset shows Gunier plots of ASK1-TBD and the ASK1-TBD⅐TRX1 complex at concentrations 2.3 and 6 mg/ml, respectively. B, distance distribution function P(r). C, averaged and filtered DAMMIN shape envelope (spheres around the dummy residues) of ASK1-TBD. D, averaged and filtered DAMMIN shape envelope of the ASK1-TBD⅐TRX1 complex. The main difference between the envelope of the complex and those of ASK1-TBD alone is shown in red. TBD. The accuracy of this model was also assessed by calculating and comparing its theoretical SAXS scattering profile with the experimental scattering curve and the calculated scattering curve fitted the SAXS data well with 2 values of 1.10 (Fig. 7D) .
ASK1 Residue Cys 250 Is Located in the Vicinity of TRX1-binding Surface-The ab initio model of ASK1-TBD indicated that the TRX1-binding site is located in the vicinity of the Cys 250 residue located at the N-terminal end of the long ␣-helix, which forms the C terminus of modeled ASK1-TBD (Fig. 7C ). The mutation of this residue inhibits the interaction between ASK1 and TRX1 (16, 17) . To check whether the same holds true for the isolated ASK1-TBD, mutant C250S was prepared and its interaction with TRX1 was characterized using both SV AUC and time-resolved fluorescence measurements. Analysis of the s w isotherm as a function of reduced TRX1 concentration revealed that ASK1-TBD C250S exhibits a significantly lower binding affinity compared with WT with the best-fit K D of 50 Ϯ 10 M using 1:1 Langmuir binding model (Fig. 8A) .
To further investigate the effect of the C250S mutation on the interaction between ASK1 and TRX1, time-resolved fluorescence measurements of Trp 31 of TRX1 were performed. Measurements of the emission anisotropies revealed different hydrodynamic properties of TRX1 Trp 31 when interacting with the ASK1-TBD C250S mutant compared with WT (Table 1 and Fig. 8B ). Data analysis revealed four classes of correlation times, one unresolved and very short ( 1 Ͻ 100 ps), two longer corre-sponding to segmental motions ( 2 and 3 close to 1.3 and 3.8 ns, respectively), and the fourth correlation time long ϭ 38 ns reflects the overall rotational motion of the complex (Table 1 , Fig. 8B ). The simultaneous presence of correlation times observed either for TRX1 alone ( 1 and 2 ) or TRX1 bound to ASK1-TBD ( 3 ) suggests an incomplete complex formation when only a portion of TRX1 is bound to ASK1-TBD C250S. This conclusion is fully consistent with results of SV AUC measurements showing that TRX1 interacts with ASK1-TBD C250S with weaker affinity compared with ASK1-TBD WT. Moreover, a significantly longer mean excited state lifetime of Trp 31 was observed in this case. In particular, mean ϭ 4.52 ns for the ASK1-TBD C250S⅐TRX1 complex compared with 3.34 ns for the ASK1-TBD WT⅐TRX1 complex. This suggests that Trp 31 of TRX1 interacts with ASK1-TBD C250S by the altered way, likely as a result of either different conformations of ASK1-TBD or different interactions at the binding interface. Taken together, both SV AUC and time-resolved fluorescence measurements revealed the ASK1 Cys 250 residue is likely located either at or in close vicinity of TRX1-binding site and is crucial for the interaction between ASK1 and TRX1.
DISCUSSION
In the present study, our main aim was to provide a structural insight into the interaction between ASK1 and reduced TRX1. TRX1, a ubiquitous oxidoreductase, was identified as a physiolog- (34) . The N-terminal CC motif of ASK1 is shown in dark red. Phe residues that were mutated to Trp are shown in green. Cys 250 is shown in red. B, comparison of the calculated scattering curve of the theoretical model of ASK1-TBD (red line) with the experimental scattering data (black line). C, superposition of the SAXS envelope with the model of the ASK1-TBD⅐TRX1 complex that was created using the theoretical model of ASK1-TBD and the crystal structure of human TRX1 (37) . The catalytic 31 ical inhibitor of ASK1, which interacts with the N-terminal region of ASK1 preventing homophilic oligomerization through the N-terminal CC domain of ASK1. Only the reduced form of TRX, but not the oxidized form where both Cys residues from the redox catalytic 31 WCGPC 35 motif form an intramolecular disulfide bond, interacts with ASK1 (1, 9, 10, 18) . However, the precise mechanisms of TRX1 binding to ASK1 as well as its dissociation are still unclear as no structural data are available on ASK1-TBD and its interaction with TRX1.
Screening of several constructs containing ASK1 sequences between residues 46 and 302 showed that only the C terminally His-tagged sequence 88 -302 enables the preparation of a soluble and stable protein that binds reduced TRX1 with 1:1 molar stoichiometry and K D of ϳ300 nM ( Fig. 2A) . On the other hand, oxidized TRX1 showed significantly lower binding affinity with K D of 6 Ϯ 2 M (Fig. 2B) , confirming the oxidation of TRX1 hinders its interaction with ASK1. However, the mechanism behind the lower binding affinity of oxidized TRX1 is still unclear. It has been suggested the oxidation of TRX1 generates an intramolecular disulfide bond between Cys 32 and Cys 35 within the redox catalytic motif and this, in turn, causes the dissociation of TRX1 from ASK1 (1, 9, 18) . This hypothesis is supported by the fact the redox inactive TRX1-CS mutant, in which both Cys 32 and Cys 35 from the catalytic motif are replaced by Ser, does not bind to ASK1 (1, 9, 18) . SV AUC experiments revealed that the TRX1-CS mutant exhibits negligible binding affinity for ASK1-TBD (with K D of ϳ1 mM, Fig.  2C ), confirming previous observations and suggesting these active site Cys residues play an important role in TRX1 binding to ASK1. In addition, our data also suggest that the interaction between ASK1-TBD and reduced TRX1 does not involve the formation of intermolecular disulfide bridges as SV AUC experiments were performed under reducing conditions and all obtained SV AUC data can be adequately fitted using the reversible Langmuir-type kinetic model. Under strong oxidative conditions or at high protein concentrations human TRX1 forms homodimers covalently linked through the non-active site cysteine 73 (37) . Because the TRX1 C73S mutant was used throughout this work to avoid formation of these homodimers, it is necessary to keep in mind data presented in this work cannot assess the potential role of this residue in the interaction between TRX1 and ASK1.
The catalytic motif of human TRX1 also contains a conserved tryptophan residue Trp 31 , which undergoes a subtle conformational change upon both TRX1 oxidation, when Cys 32 and Cys 35 are disulfide linked, and the replacement of Cys 32 and Cys 35 by Ser (the TRX1-CS mutant) (37, 38) . Crystallographic analysis revealed that Trp 31 is partially disordered in reduced form, but ordered in TRX1-CS and oxidized TRX1. This resemblance of TRX1-CS and oxidized TRX1 also likely contributes to the ability of the TRX1-CS mutant to act as a competitive inhibitor of thioredoxin reductase (44) . Because both TRX1-CS and oxidized TRX1 were shown to be unable to bind to ASK1 (1, 9, 10, 18) , it is entirely possible the similarity in the conformational behavior of Trp 31 might contribute to their inability to bind to ASK1. Consistent with this hypothesis, results of our experiments strongly suggest that Trp 31 is directly involved in TRX1 binding to ASK1-TBD. First, the W31F mutation significantly reduced TRX1 binding affinity for ASK1-TBD (Fig. 2D) . Next, the time-resolved tryptophan fluorescence measurements showed the TRX1 binding to ASK1-TBD both increases mean and suppresses the segmental dynamics of Trp 31 . In the free TRX1, Trp 31 exhibits relatively short mean and a fast emission depolarization, suggesting this residue is exposed to the solvent and highly mobile, in a good agreement with its surfaceexposed location (Fig. 4C ) as well as partially disordered nature observed in structural studies (37) . The longer mean and a slower and/or more restricted local and segmental motion of Trp 31 in the presence of ASK1-TBD suggest the motional restriction of the catalytic motif and a lower accessibility of Trp 31 to polar environment and/or suppressed quenching interactions in its vicinity upon complex formation (39, 40) . Because Trp 31 is located on the surface of the TRX1 molecule (Fig. 4C) , it is reasonable to interpret observed changes as a direct involvement of this residue in TRX1 binding to ASK1-TBD. The SAXS experiments revealed ASK1-TBD is monomeric in solution and adopts a compact and slightly asymmetric shape with one side being narrower than the other (Fig. 6C) . The shape of the ASK1-TBD⅐TRX1 complex is similar but more extended within its thicker part (Fig. 6D ). The comparison of obtained envelopes suggests that TRX1 interacts with the thicker end of the ASK1-TBD molecule through the large binding interface without inducing any dramatic structural change, although a local conformational change, which is beyond the resolution of this method, cannot be ruled out. Ab initio molecular modeling, although speculative as the 88 -302 sequence of ASK1 lacks homology to any known structures, provided a structural model that shows reasonable agreement with the SAXS-based envelope, the secondary structure prediction, and the results of time-resolved tryptophan fluorescence measurements ( Fig. 7 , Table 2 ). This structural model suggests TRX1 interacts with the bulkier part of ASK1-TBD close to the N terminus of the long ␣-helix that protrudes from the more spherical part of ASK1-TBD and forms its C-terminal end. This long ␣-helix contains approximately one-half of the N-terminal CC motif of ASK1, based on the prediction using the COILS program (45) , located between residues ϳ285 and 320 (shown in red in Fig. 7 ). It has been suggested the TRX1 binding to the N-terminal part of ASK1 blocks its homophilic interaction through this N-terminal CC motif that is required for ASK1 autophosphorylation and activation (9) . Our structural model is consistent with this hypothesis as TRX1 binding close to the N-terminal end of this long ␣-helix might affect its conformation and its coiled-coil interactions. In addition, both SV AUC and the time-resolved fluorescence measurements suggested that ASK1 residue Cys 250 , which has been shown to be important for both TRX1 binding and the oxidative stress-dependent signaling downstream of ASK1 (16, 17) , is located either at or in close vicinity of the TRX1-binding site ( Fig. 8 , Table 1 ) consistent with our structural model ( Fig. 7) .
Taken together, biophysical and structural characterization of the isolated TRX1-binding region of ASK1 revealed that this part of ASK1 is a monomeric and rigid domain that forms a stable equimolar complex with reduced TRX1. Residues from the catalytic 31 WCGPC 35 motif of TRX1 are essential for TRX1 binding to ASK1-TBD and the interaction does not involve the formation of intermolecular disulfide bonds. Time-resolved tryptophan fluorescence suggested a direct involvement of Trp 31 in the TRX1 binding to ASK1. SAXS data revealed a compact and slightly asymmetric shape of ASK1-TBD and suggested TRX1 interacts with this domain through the large binding interface without inducing any dramatic conformational change. Molecular modeling indicated the TRX1-binding site is located close to the N-terminal end of a ϳ50-residue long ␣-helix that forms the C terminus of ASK1-TBD. In addition, our results also show that ASK1 residue Cys 250 is likely located either at or in close vicinity to the TRX1-binding surface.
